T he treatment of end-stage renal disease requires renal replacement therapy in the form of dialysis or renal transplantation; transplantation is the preferred treatment, and is associated with lower mortality and improved quality of life. 1 Prior studies have shown that estimated glomerular filtration rate (eGFR) is the best predictor of long-term graft function among transplant recipients 2, 3 and that declining eGFR after kidney transplantation is associated with higher health care costs; 4, 5 however, the association between declining eGFR and posttransplantation hospitalization has not been examined. Hospital readmission can be used as a proxy of poor health outcomes after renal transplantation. According to an analysis of Medicare claims data from 2003 to 2004, 1 of 5 Medicare beneficiaries were rehospitalized within 30 days of discharge at a cost of $17.4 billion. 6 Prior studies have found that 30-day readmission or "early readmission" after kidney transplantation is associated with increased morbidity, costs, and transition-of-care errors 7 in addition to increased graft loss and mortality among patients with Medicare primary insurance. 8, 9 Despite a sizeable amount of research on early hospital readmission among kidney transplant recipients, to our knowledge, no study has examined eGFR as a predictor of hospital readmission beyond 6 months after transplantation. The purpose of this study was to determine whether the eGFR 6 months after renal transplantation was associated with "late" all-cause hospitalization approximately 1 year after the 6-month posttransplant data collection point. In addition, because prior studies of hospitalization among kidney transplant recipients have been conducted among patients receiving Medicare as primary insurance only, we sought to characterize the key risk factors for late hospital readmission among a population that is more generalizable to the entire US kidney transplant recipient population.
METHODS

Study Population and Data Sources
The United Network for Organ Sharing (UNOS) is a nonprofit organization that maintains the Organ Procurement and Transplantation Network database. Organ Procurement and Transplantation Network contains information regarding every organ donation and transplant event in the United States since 1 October 1987. For this study, we used the Standard Transplant Analysis and Research files based on Organ Procurement and Transplantation Network data for kidney, pancreas, and kidney-pancreas waiting list and transplant and/or followup patients between 1 October 1987 and 31 October 2011.
We restricted our analyses to data from 30 June 2004 to 1 January 2007 for adult (18 years or older), firsttime, kidney-only transplant recipients where the transplant was received before 1 January 2006, based on the availability of data regarding hospitalizations during the follow-up period, which was a required field on UNOS transplant follow-up forms until 1 January 2007. Our follow-up time of 2 years after transplantation (18 months after the 6-month "baseline" for this study) was also chosen based on the availability of hospitalization data. Whereas 95% of patients had hospitalization follow-up data at 2 years after transplantation, fewer than half of participants had hospitalization data after this time point. Figure 1 shows exclusion and selection criteria. Analyses were further restricted by excluding patients with missing information on both the exposure-eGFR (n ¼ 302)-and outcome-number of hospitalizations during the year after the 6-month post-renal-transplantation follow-up (n ¼ 318). Next, patients who died (n ¼ 369) or were lost to follow-up (n ¼ 82) during the study period were similarly excluded. Unlikely, values for eGFR (>125 ml/min per 1.73 m 2 ) were set to missing (n ¼ 83). The patients who were excluded for missing data on exposure or outcome were compared with those who were included in this analysis and found to be similar.
Primary Exposure
The primary exposure was eGFR collected on the UNOS transplant recipient follow-up forms at 6 months, and calculated using the 4-variable Modification of Diet in Renal Disease equation. 10 The eGFR was calculated from serum creatinine measured and reported by transplant centers to UNOS at regularly scheduled data collection time points. The 6-month posttransplant follow-up creatinine value served as the baseline time point for calculation of eGFR. Laboratory values reported between 135 and 225 days (6 months AE 45 days) after transplantation were considered to be the 6-month follow-up value. If a patient had multiple follow-up labs reported during this time period, the first value was used as the baseline.
Primary Outcome
The primary outcome for this study was the number of hospitalizations that occurred in the year after the 6-month time point after renal transplantation, that is, hospitalizations that occurred up to 18 months after transplantation. Rehospitalization after 6 months, as opposed to 30 days, is less likely to be the result of surgical complications from the transplant procedure, as patients stabilize over time. Only hospitalizations after this baseline time point were considered for these analyses to ensure that eGFR was measured before rehospitalization. ( hospitalization during the first 6 months after transplantation) (yes, no) acute rejection (yes, no), delayed graft function (yes, no). "Missing" was considered as a separate response category for covariates as noted. No patients in our sample had experienced an allograft loss; therefore, loss of allograft was not included in these analyses.
The number of late hospitalizations was modeled using a zero-inflated Poisson regression (generalized linear model using SAS Proc Genmod [SAS Version 9.3, Cary, NC]). For the final multivariable model, we included variables that were significantly associated with both exposure and outcome during descriptive analyses and known potential confounders from a review of the literature. 12 The full model included the main exposure variable-eGFR-and the following variables-race, recipient age, sex, body mass index category, insurance type, education, HLA match level, cold ischemia time, length of stay (at the time of transplant), serum albumin, diabetes status, hypertension status, primary diagnosis, delayed graft function, pretransplant dialysis, before hospitalization, donor age, donor type, donor hypertension, and donor diabetes. Collinearity for this model was evaluated by assessing whether condition indices were high (>30) with variance decomposition proportions for variables excluding the intercept greater than 0.50. No variables in the full model violated these assumptions, and thus the full model included all variables stated above.
Sensitivity Analyses
We conducted several sensitivity analyses to examine the robustness of findings. First, we repeated analyses using the chronic kidney disease-Epi formula to calculate the eGFR. We also repeated analyses including patients who (i) died during the study follow-up period, (ii) had previously received a transplant, and (ii) had received a multi-organ transplant.
Statistical Significance
All tests were 2-sided, with an a ¼ 0.05, and analyses were conducted using SAS version 9.3 (SAS Institute, Cary, NC). The Emory Institutional Review Board approved this study.
RESULTS
A total of 15,778 adult, first-time, kidney-only transplant recipients met the inclusion criteria for this analysis. The mean age of the study population was 50 years (AE13.5), 24.2% (n ¼ 3812) were black, 60.5% were men (n ¼ 9552), and 57.8% had public insurance (n ¼ 9113). Figure 2 shows the distribution of patients by eGFR category. Patients in the lowest eGFR category were more likely to be black (40.9% compared with 24.2% in the study sample as a whole), older, overweight, expanded criteria donor recipients, and publicly insured (Table 1) . They were also more likely to have been readmitted to the hospital (52.7% compared with 19.1% in the study sample). On average, those with Number of patients by eGFR category at 6 months after transplantation (n = 15,778) Figure 2 . Distribution of study participants by estimated glomerular filtration rate (eGFR) cut point at 6 months after transplantation. lower eGFR also had a higher total serum albumin, cold ischemia time, serum creatinine, and length of stay at the time of transplant compared with the total study sample. The number of hospital readmissions decreased among those in higher eGFR categories. A total of 19.1% of patients were hospitalized at least once within the year after the 6-month posttransplant follow-up visit, and 0.7% were hospitalized 5 or more times in this time period. Black race, Asian race, female sex, length of stay at the time of transplant, public insurance (vs. private insurance), standard and expanded criteria deceased donor (vs. living donors), diabetic status, and increasing donor age were associated with increased hospitalization (Table 2) . Additional covariates considered are provided in Supplemental Table S1 . Among those hospitalized, the mean number of hospitalizations was 1.71 (range, 0-12) and increased monotonically with decreasing eGFR. Patients who were hospitalized (n ¼ 3009) during the year after the 6-month posttransplant follow-up had a significantly lower eGFR than those who were not hospitalized (n ¼ 12,769) (48.79 vs. 57.45 ml/min per 1.73 m 2 , respectively) ( Figure 3 ). In multivariable-adjusted analyses, a 10 ml/min per 1.73 m 2 eGFR was significantly associated with the total number of late hospitalizations (Rate Ratio [RR]: 0.89, 95% confidence interval [CI]: 0.89-0.89) within the year after the 6-month visit; thus, for every 10-unit increase in eGFR, there was an 11% decrease in the rate of hospitalization (Table 3) . After adjusting for other covariates, transplant recipients who were diabetic, who received dialysis before transplantation, or who experienced delayed graft function were at increased risk for hospitalization compared with those who were not. Patients who had been hospitalized in the first months after transplantation were more than twice as likely to experience later hospitalization (RR: 2.33, 95% CI: 2.20-2.48), and those who were on public insurance were hospitalized 12% more than those on private insurance (RR: 1.12, 95% CI: 1.09-1.37). Those who had only attended college and/or technical school or high school or less were also at increased risk for hospitalization compared with those with a post-college degree (RR: 1.16, CI: 1.01-1.33 and RR: 1.13, CI: 0.99-1.29, respectively) ( Table 3 ). There were no differences by donor type (living vs. deceased standard vs. deceased expanded criteria) on the number of hospitalizations.
Sensitivity Analyses
When main multivariable modeling results were repeated using the chronic kidney disease-Epi equation instead of Modification of Diet in Renal Disease, results were similar to the main effect estimates (RR: 0.9877, 95% CI: 0.9857-0.9897). Similar results were also observed when we examined the association between 
DISCUSSION
In this national, longitudinal study of more than 15,000 kidney transplant recipients across the United States, we found that lower eGFR was associated with a higher hospitalization rate among adult, first-time kidney-only transplant recipients, where a 10-unit decrease in the 6-month eGFR was associated with an 11% increased risk of hospitalization in the year after the 6-month transplant follow-up visit. Additional risk factors for hospital readmission included female sex, lower educational attainment, diabetes, delayed graft function, previous hospitalization, and length of stay at transplant. To our knowledge, this is the first study that identified risk factors for hospital readmission at 6 months after transplantation among a population of both publicly and privately insured kidney transplant recipients. These findings have significant implications for the identification of patients at increased risk for late hospitalization-a proxy for transplant-related poor health outcomes-such as loss of graft function and mortality. As expected, some of these risk factors, such as delayed graft function, length of stay at transplant, and previous hospitalization, may reflect complications early on that lead to later hospitalizations. Our finding that patients with fewer HLA mismatches have lower hospitalization rates may have important clinical implications; further studies are needed to determine whether policies and practices to encourage greater HLA matching may reduce health care resource utilization.
Our results are consistent with other studies that identified a series of risk factors for early hospital readmission. McAdams-Demarco et al. 7 found that among 32,961 Medicare primary kidney transplant recipients, 31% were readmitted within 30 days of initial discharge from the transplant center. In both this study and our study, risk factors for early hospital readmission included older age, various patient comorbidities, longer length of stay, and transplant characteristics such as increased HLA mismatches. However, unlike previous studies, we did not find that donor type impacted the risk of late hospitalization. We also identified the 6-month eGFR as a novel marker for late hospitalization. Information about both early and late hospitalization may be useful in risk stratifying patients at the time of either discharge after surgery or at the 6-month posttransplant visit to monitor more closely and potentially prevent poor adverse outcomes. This study contributes to the growing body of research investigating the association of eGFR and transplant-related health outcomes, such as allograft function 13, 14 and mortality. [15] [16] [17] A meta-analysis of 105,872 participants from 14 studies found that eGFR < 60 ml/min per 1.73 m 2 is an independent predictor of all-cause mortality in the general population. 15 Furthermore, a retrospective study of 332 deceased donor kidney transplant recipients found that patients with kidneys from older donors or who experienced delayed graft function and acute rejection episodes were more likely to have deteriorating eGFR between 6 and 24 months after transplantation. 16 A similar retrospective study of 428 kidney transplant recipients with a mean follow-up of 10 years found that changes in eGFR over the first year relates to poorer long-term renal outcomes. 17 Risk factors for decreased posttransplant renal function include increasing donor age, receipt of a deceased donor kidney, incidence of acute rejection, and delayed graft function. 18, 19 As posttransplant renal function is an independent risk factor for long-term renal graft function, increased clinical scrutiny of patients with low eGFR may help reduce hospitalizations, and both decrease the incidence of poor health outcomes after transplantation and reduce cost. Closely monitoring patients with low eGFR, specifically during the first year after transplantation, may prove especially beneficial, as adverse events during that time period have been shown to predict long-term graft survival. 20 Because most transplant recipients attend a follow-up visit around 6 months posttransplant at their transplant center, identifying patients with declining eGFR at this time may allow risk stratification of patients and the potential to intervene to prevent future readmissions, graft failure, and mortality.
There were limitations to these analyses. Because hospitalization data were only collected during a limited time frame by UNOS (through 2007), we were unable to examine more recent data or hospitalizations over a longer time period. Furthermore, we could not assess early (30 days or less after surgery) versus late hospital readmissions or the length of each Exclusion of patients who died or who had incomplete follow-up may have resulted in selection bias; however, these patients had similar characteristics compared with the study sample, and sensitivity analyses including these patients showed a similar effect between eGFR and increasing hospitalization risk. Differential access to medical treatment may result in bias when hospital data are used as proxy measures 21 ; however, the vast majority of transplant patients in our sample were insured. Finally, some covariates included a high number of missing values; thus, for selected covariates, we included missing values as a category.
Despite these limitations, this research had numerous strengths. The use of a nationally representative surveillance database, containing information regarding every organ donation and transplant event in the United States, resulted in a large sample size with a comprehensive set of covariates. This large sample size allowed us to detect small differences in the rate of hospitalization. In addition, risk prediction models for hospitalization status based on eGFR can be used to identify and treat patients at risk. Finally, because these data are based on a nationally representative surveillance system, they can be generalized to the US population. Other research examining hospitalization data using Medicare claims data may not be more robust; however, they are limited to a Medicareinsured population only and thus are not generalizable to the US transplant population. This is the first study that we are aware of that has examined the association between eGFR and posttransplantation hospitalization among patients with both public and private insurance, and thus results are more generalizable to all transplant recipients.
Lower eGFR measured 6 months after transplantation was significantly associated with an increase in the number of hospitalizations over time-even when adjusting for a variety of covariates-in patients who survived past 6 months. It is unclear whether there is a clinically meaningful cut point for eGFR that would help predict negative health outcomes, and whether there is an optimal time frame after transplantation to screen for changes in eGFR. As such, the findings warrant further investigation into specific cut points for eGFR that can be used as a clinical predictor of future hospitalization among kidney transplant recipients. Prediction of such preventable hospitalizations and early intervention to prevent hospitalization based on serial eGFR measurement may have significant implications in cost reduction and the prevention of morbidity and mortality associated with hospitalization after transplantation.
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